There is a demand for three-dimensional (3D) angiogenesis model including endothelial cells (ECs) and mesenchymal stem cells (MSCs), which are known to differentiate into pericytes, to construct stabilized and matured microvascular networks in vitro. However, it remains to be elucidated how MSCs affected on ECs in the process of 3D angiogenesis. In this study, we utilized a microfluidic device to develop a 3D coculture system including human umbilical vein ECs and human MSCs, which allowed us to investigate the effects of MSCs on ECs in the context of 3D angiogenesis. A series of EC:MSC ratio was tested in the EC-MSC coculture. First, we confirmed that MSCs differentiated into pericytes by direct EC-MSC contacts. Next, we found that MSCs attenuated vascular sprout formation of ECs regardless of EC:MSC ratio in the early stage of 3D angiogenesis as well as extension of microvascular networks in the later stage. ECs and MSCs were also cultured under interstitial flow to enhance angiogenesis. However, the stabilization effects of MSCs on the extension of capillary structures were dominant over the promotion effects of the interstitial flow. These results indicate the stabilization effect of MSCs on the formation of microvascular networks in vitro. Although some HMSCs differentiated into pericytes and located around microvascular networks, vascular structures became thick over time in coculture. The 3D EC-MSC coculture model described in this study is useful to further investigate culture microenvironments for constructing stabilized and matured microvascular networks with aligning pericytes.
Introduction
Angiogenesis is the formation of new microvessels from preexisting ones, which involves a very complex process (1) . First, the basement membrane of a preexisting blood vessel as well as surrounding extracellular matrix (ECM) is degraded. Mural cells detach from the outer surface of the blood vessel. Endothelial cells (ECs) then proliferate and migrate for initiating angiogenesis (step 1). Next, the proliferating and migrating ECs form vascular sprouts. The sprouts are then extended and developed into microvascular networks (step 2). Finally, the newly formed microvascular networks are stabilized by the initiation of blood flow, the establishment of a basement membrane, and the recruitment of mural cells such as pericytes and smooth muscle cells (step 3). Controlling this angiogenic process is critical in tissue engineering, ischemia treatment, and wound healing (2) .
A number of studies on angiogenesis have been performed to create microvascular networks in vitro. Since these studies focused on the early stages of angiogenesis such as the steps 2 and 3 mentioned above, only ECs were cultured on Matrigel (3) or collagen gel (4) to form capillary-like structures. Therefore, the experimental period in these culture systems was limited to short culture period such as 2-3 days. Furthermore, capillary-like structures formed by ECs alone were not able to be maintained in culture for long period due to their immature vascular structure and function (3) . Although previous studies provided significant insights into fundamental aspects of an in vitro angiogenesis especially focusing on the early stages, there is still a big challenge to construct stabilized and matured microvascular networks in vitro.
To construct stabilized, matured microvascular networks in vitro, the later stage of angiogenesis, such as the step 3 mentioned above, needs to be considered. In particular, pericytes play a critical role in stabilization and maturation of microvascular networks in vitro. However, pericytes are still difficult to define and the method to isolate pericytes is not established yet (5) . Therefore, other cell types need to be considered as an alternative to pericytes for constructing an EC-pericyte co-culture model. Mesenchymal stem cells (MSCs), which can be isolated from bone marrow, have the potential to differentiate into various cell types, including bone, fat, cartilage and muscle (6, 7) . In addition, MSCs are known to differentiate into pericytes (8) (9) (10) . In particular, a previous study on co-implantation of MSCs and ECs in a tissue-engineered vessel model showed that MSCs specifically differentiated into perivascular cells that could stabilize nascent blood vessels in vivo (11) . An in vitro study showed that soluble factors secreted by
MSCs increased EC proliferation and migration, while MSCs in direct coculture with ECs on Matrigel increased the persistence of preexisting 2D capillary-like structures (12) . MSCs also aligned with 2D capillary-like structures in previous studies (12, 13) . Thus, there are increasing evidences that MSCs can support vascular formation as perivascular cells. However, since previous studies were performed in 2D culture models such as monolayers and 2D capillary-like structures, it remains to be elucidated how MSCs affected on sprout formation and capillary extension in the process of 3D angiogenesis. Therefore, there is a demand to create a 3D angiogenesis model including ECs and MSCs, which allows us to investigate the effect of MSCs in the context of 3D angiogenesis. Recently, we developed a microfluidic platform to create an in vitro 3D angiogenesis model (14) . In this culture model, ECs formed vascular sprouts in collagen gel, which were then developed into 3D microvascular networks with continuous lumens. Here, we have extended this 3D angiogenesis model to the coculture of ECs and MSCs. The microfluidic device allowed us to monitor the process of 3D angiogenesis and to control cell location and cellular microenvironments such as interstitial flow. Thus, the objective of this study was to determine the effect of MSCs on the sprout formation and capillary extension in 3D coculture of ECs and MSCs. A series of EC:MSC ratios was tested in the EC-MSC coculture.
recently (14) . Briefly, the microfluidic device was made of poly-dimethylsiloxane (PDMS;
Silgard 184, Dow Corning, Midland, MI, USA) and was produced via soft lithography with SU-8 patterned wafers. The PDMS device copied by a silicon mold was plasma-bonded with a coverglass to form microchannels. After the microchannels were coated with 1 mg/ml poly-D-lysine solution (Sigma-Aldrich, St. Louis, MO, USA), the device was rinsed twice with sterile deionized water and dried. Prepolymerized type I collagen gel solution (3 mg/ml, pH 7.4; BD Biosciences, San Jose, CA, USA) was injected into the gel region through the two collagen gel inlets (Fig. 1A) , and placed in the humidified 5% CO 2 incubator at 37°C and for 30 min to polymerize the solution. Microfluidic channels were then filled with culture medium and the microfluidic devices were kept in the incubator until use. The microfluidic device had two parallel microchannels separated by collagen gel, which allowed coculture of human umbilical vein endothelial cells (HUVECs) and human mesenchymal stem cells (HMSCs) in separate microchannels (Fig. 1B) . The width of the microchannel and collagen gel region was 500 and 600 µm, respectively, while the height of those was 180 µm (Fig. 1B) . copied by a silicon mold was plasma-bonded with a cover glass. Collagen gel was then injected from two inlets. B: There are two parallel microchannels separated by collagen gel. HUVECs and HMSCs can be respectively introduced into each channel.
Cell isolation and culture
HMSCs were isolated from human bone marrow using LNGFR (CD271) and Thy-1 (CD90) surface markers. First, bone marrow mononuclear cells (Poietics TM ; Lonza, Walkersville, MD, USA) were suspended at 1 to 5×10 7 cells/ml in ice-cold Hank's Balanced Salt Solution supplemented with 2% fetal bovine serum (FBS), 10 mM HEPES and 1% penicillin/streptomycin. The cells were then stained for 30 min on ice with a monoclonal antibody. The antibodies used were LNGFR-PE (Miltenyi Biotec, Bergisch Gladbach, Germany) and Thy-1-APC (BD Pharmingen, CA, USA). Propidium Iodide (PI; 2 μg/ml) was used to eliminate dead cells from the flow cytometric analysis. Flow cytometric analysis and sorting were performed on a triple-laser MoFlo (Beckman Coulter, CA, USA) or FACSVantage SE (Becton Dickinson, Heidelberg, Germany). The isolated HMSCs were expanded in the HMSC growth medium: Dulbecco's Modified Eagle Medium with low glucose (Invitrogen) supplemented with 20% FBS, 20 ng/ml basic fibroblast growth factor (bFGF; Pepro Tech, Rocky Hill, NJ, USA), 10 mM HEPES and 1% penicillin/streptomycin. Cells were cultured in a humidified 5% CO 2 incubator at 37°C. All experiments were performed with the cells at passages 6-8.
HUVECs were purchased from Lonza, and cultured in Endothelial Cell Growth Media-2 (EGM-2; Lonza). HUVECs were expanded in collagen-coated culture dishes for no more than 6 passages.
2D confined coculture of HMSCs and HUVECs
HUVECs were seeded at 1×10 4 cells/cm 2 in the area confined by a PDMS block in a 35-mm dish and cultured for 3 days (Fig. 2B) . After HUVECs formed a confluent monolayer, the PDMS block was removed and HMSCs were added at 2×10 4 cells/cm 2 in the dish to start 2D coculture (day 3-0). The culture medium used for the coculture was a 1:1 mixture of EGM-2 and the HMSC growth medium supplemented with 10 ng/ml bFGF and 10 ng/ml vascular endothelial growth factor (VEGF; R&D System, Minneapolis, MN, USA). The cells were cultured until day 15-13 with changing medium every other day. The cells were fixed at days 5-2, 7-4, 9-6, 11-8, 13-11, and 15-13, and immunofluorescent staining was performed as described below for detecting cell nuclei and the expression of α-SMA, a pericyte marker (15, 16) . The fluorescence images were obtained using a confocal laser scanning microscope (LSM700; Carl Zeiss, Hallbergmoos, Germany). Five image fields were randomly selected in the area A and B, respectively (Fig. 2B) , and the number of α-SMA-positive cells were quantified by counting cell nuclei. Experiments were repeated at least twice to confirm repeatability of results.
HUVEC-HMSC coculture in a microfluidic device
Two types of HUVEC-HMSC coculture were carried out. First, HUVECs and HMSCs were respectively seeded into separate microchannels on the same day. HUVECs were seeded by injecting 10 µl of cell suspension at 1×10 6 cells/ml, while HMSCs were seeded by injecting 10 µl of cell suspension at 0.1, 0.2, 0.5, and 1×10 6 cells/ml for HUVEC:HMSC ratios of 10:1, 5:1, 2:1, and 1:1, respectively. These ratios were selected based on previous studies on EC-MSC coculture in 2D (12, 17) . In addition, it is known that the number of pericytes was comparable to or less than that of ECs in vivo (18) . For the other type of experiment, HUVECs were seeded into a microchannel by injecting 10 µl of cell suspension at 1×10 6 cells/ml and cultured for 3 days to allow HUVECs to form vascular sprouts. After
HUVECs formed vascular sprouts, HMSCs were then added into the other microchannel by injecting 10 µl of cell suspension at 0.1, 0.2, 0.5, and 1×10 6 cells/ml to start coculture at day 3 (day 3-0). The cells were cultured for 12-14 days with changing medium every day in a 1:1 mixture of EGM-2 and the HMSC growth medium supplemented with 10 ng/ml bFGF and 10 ng/ml VEGF. Phase-contrast images were taken every day to monitor the process of 3D angiogenesis. Immunofluorescent staining of the cells was performed as described below and the fluorescence images were obtained using a confocal laser scanning microscope. The projection images were generated with z-stack fluorescent images using ImageJ (National Institutes of Health, Bethesda, MD, USA). Experiments were repeated at least twice to confirm repeatability of results.
Time-lapse imaging for monitoring the growing process of microvascular networks
Cells were placed in a humidified 5% CO 2 chamber (Tokai Hit, Fujinomiya, Japan) at 37°C, and photographed using a phase-contrast microscope (Ti-E; Nikon, Tokyo, Japan) equipped with a CCD camera (EXi Blue; QImaging, Surrey, BC, Canada). Images of the growing microvascular networks in the HUVEC-HMSC coculture were recorded at 30-min intervals for 4 days starting from day 7-4. The sequential images were analyzed using the Lumina Vision imaging system (Mitani, Tokyo, Japan).
Interstitial flow application
HUVECs were seeded into a microchannel of the microfluidic device by injecting 10 µl of cell suspension at 1×10 6 cells/ml and cultured for 3 days to allow HUVECs to form vascular sprouts. After HUVECs formed vascular sprouts, HMSCs were added into the other microchannel by injecting 10 µl of cell suspension at 1×10 6 cells/ml to start coculture at day 3 (day 3-0). After HMSCs were added, the cells were cultured in an interstitial flow condition, which was generated by a 5-mm H 2 O pressure difference across the collagen gel region as described previously (19) . As a control experiment, HUVEC monoculture was also carried out both in flow and static conditions. The cells were cultured with changing medium every day in a 1:1 mixture of EGM-2 and the HMSC growth medium supplemented with 10 ng/ml bFGF and 10 ng/ml VEGF. Phase-contrast images were taken every day to monitor the growth of microvascular networks in flow and static conditions. Experiments were repeated at least twice to confirm repeatability of results.
Immunocytochemistry
Cells were fixed with 4% paraformaldehyde for 15 min at room temperature and permeabilized with 0.1% Triton X-100 for 5 min. After rinsing with PBS, the cells were then treated with BlockAce (Dainippon Pharmaceutical, Osaka, Japan) for 1 h. The cells were then incubated with primary antibodies, a mouse anti-α-SMA antibody (Sigma-Aldrich) for pericytes or a rabbit anti-CD146 antibody for HUVECs, followed by incubation with secondary antibodies, Alexa Fluor 488-conjugated anti-mouse IgG (Invitrogen) or Alexa Fluor 594-conjugated anti-rabbit IgG (Invitrogen), respectively. Thereafter, some samples were incubated with Alexa Fluor 594-conjugated phalloidin (Invitrogen) for actin and 4', 6-diamidino-2-phenylindole (DAPI; Invitrogen) for nuclei.
Statistical analysis
Data are presented as means ± SD. A Student's t-test was used to test for differences, which were considered statistically significant at error levels of P < 0.05.
Results

Expression of α-SMA in HMSCs induced by contacts with HUVECs
HMSCs and HUVECs were seeded in separate channels of a microfluidic device as described in Fig. 1B . HUVECs proliferated and migrated toward HMSCs, while HMSCs migrated toward HUVECs in collagen gel. Some HMSCs contacted with HUVECs at day 14 ( Fig. 2A) . In this study, we used MMSCs to construct microvascular networks with pericytes. We therefore investigated whether HMSCs expressed α-SMA, a pericytes marker, in the HUVEC-HMSC coculture. A fluorescent projection image showed that some HMSCs expressed α-SMA both in collagen gel and a microchannel where HUVECs were seeded ( Fig. 2A) . By contrast, no α-SMA-positive cells were detected in a microchannel where the HMSCs were seeded ( Fig. 2A) , suggesting that HUVEC-HMSC contacts are necessary for the HMSC differentiation into pericytes.
To further investigate the effect of the cell-to-cell contact on HMSC differentiation, HUVEC-HMSC coculture was performed in 2D. HUVECs were cultured in a confined region in a 35-mm dish. After HUVECs formed a confluent monolayer, HMSCs were added to the HUVEC culture (Fig. 2B) . We confirmed that few α-SMA-positive cells were detected in the area B where few HMSCs had contacts with HUVECs (Fig. 2C) . On the other hand, in the area A where HMSCs had contacts with HUVECs, small number of α-SMA-positive cells was detectable even 2 days in coculture (day 5-2, Fig. 2C ). The number of the α-SMA-positive cells in the area A gradually increased over time in coculture (Fig. 2C) . 
HMSCs inhibited vascular sprout formation in HUVEC-HMSC coculture
To investigate the effect of HMSCs on the initiation of angiogenesis, HUVECs and HMSCs were respectively seeded in separate microchannels on the same day (Fig. 3A) . A series of HUVEC:HMSC ratio was tested. In coculture, regardless of HUVEC:HMSC ratio, few vascular sprouts were observed at day 6 (day 6, Fig. 3B ). In addition, the interface between the HUVEC monolayer and collagen gel significantly progressed toward collagen gel around day 5 since HUVECs dissolved collagen gel (arrowheads, Fig. 3B ). Vascular sprouts were not observed even at day 12 (day 12, Fig. 3B ). In contrast, in the control culture of HUVECs alone, the cells formed many vascular sprouts at day 1 (arrowheads, day 1, Fig. 3B ). These vascular sprouts extended and developed into microvascular networks by day 6. Thereafter, capillary structures gradually became thick over time in culture. On the other hand, HMSCs migrated into collagen gel toward HUVECs from day 1 (arrows, Fig. 3B ). More migrating HMSCs were observed in collagen gel with increasing HMSC concentration. Fluorescent projection images showed that some HMSCs expressed α-SMA around HUVECs at day 12. 
HMSCs attenuated microvascular growth in HUVEC-HMSC coculture
Next, to investigate the effect of HMSCs on the growth of microvascular networks, HMSCs were added to the HUVEC culture at day 3 after HUVECs formed vascular sprouts (Fig. 4A) . A series of HUVEC:HMSC ratio was tested, and HUVEC monoculture was also performed as a control experiment. In the control culture, HUVECs formed microvascular networks by day 3, which continuously extended and passed through collagen gel to the other side by day 7 (HUVEC only, Fig. 4B ). Fluorescent projection images clearly showed that microvascular networks passed through collagen gel to the other side at day 7. On the other hand, as shown by corresponding phase-contrast images, the growth of microvascular networks significantly attenuated in coculture regardless of HUVEC:HMSC ratio. Consequently microvascular networks failed to pass through collagen gel to the other side by day 7-4 (arrowheads, Fig. 4B ), which was also confirmed by fluorescent projection images (projection image, Fig. 4B ). This phenomenon was confirmed by quantitative analysis. The result showed that extension of capillary structures were attenuated and reached ~80% of the collagen gel length in coculture even at day 10-7 whereas microvascular networks passed through collagen gel to the other side (100% of the collagen gel length) at day 7-4 in the control experiment (HUVEC only, Fig. 4C ).
In terms of HMSC differentiation into pericytes, α-SMA-positive cells were not observed at day 7-4 in this coculture although HMSCs migrated into collagen gel toward HUVECs (Fig. 4B) .
The growing process of microvascular networks in the HUVEC-HMSC coculture
Time-lapse microscopy was carried out to further investigate the growing process of microvascular networks in the HUVEC-HMSC coculture described in Fig. 4A at HUVEC:HMSC ratio of 1:1. The time-lapse images recorded from day 7-4 showed that thick vascular structures were formed by the fusion of capillary structures. First, nearby capillary structures were connected to each other (an arrow, 10 h, Fig. 5A ), resulting in a loop structure (an asterisk, 30.5 h). These connected capillary structures became thick and gradually fused to each other (arrowheads and asterisks, 30.5-80 h, Fig. 5A ). Finally, thick vascular structures were formed. Confocal images of the cells at day 14 revealed that the fused capillary structure formed a large lumen (arrowheads, Fig. 5B ). The corresponding projection image showed that the α-SMA-positive cells distributed around the large vascular networks.
The effect of interstitial flow on angiogenesis in the HUVEC-HMSC coculture
To further investigate the stabilization effect of HMSCs on the growth of microvascular networks, we applied interstitial flow to the cells in the HUVEC-HMSC coculture from day 3 after HMSCs were added to the HUVEC culture (Fig. 6A) . As control experiments, HUVEC monoculture was carried out both in flow and static conditions.
In the control culture of HUVECs alone, the effect of interstitial flow on angiogenesis could be seen. When HUVECs cultured in the interstitial flow condition, the growth of microvascular networks was significantly enhanced compared to that in static condition (arrowheads, Fig. 6B ). The cells in the flow condition formed dense microvascular networks passing through the gel region to the other side at day 7-4, while the cells in static condition formed relatively sparse networks although the networks also passed through the gel region to the other side (Fig. 6B) . On the other hand, the interstitial flow significantly inhibited the extension of capillary structures in the HUVEC-HMSC coculture (arrowheads, Fig. 6B ). Capillary structures in the coculture failed to pass through the gel region to the other side at day 7-4, whereas those in control experiments passed through the gel region to the other side (Fig. 6B) . Fluorescent projection images in each culture condition clearly showed the different morphogenesis of HUVECs (Fig. 6C) . In particular, capillary structures tended to be fused to each other in flow conditions, resulting in huge hollow spaces lined by HUVECs. 
Discussion
A novel microfluidic 3D coculture system to investigate EC-MSC interaction
In the present study, we cocultured HUVECs and HMSCs using a microfluidic device. This device allowed us to clearly monitor cell migration and morphogenesis in collagen gel by phase-contrast microscopy, to control the location of each cell type in coculture, and to culture cells in interstitial flow conditions. In terms of EC-MSC coculture, a number of studies have been performed using 2D culture systems such as well plates, transwells, and Boyden chambers (12, 13, 17, 20) . In these studies, it was difficult to investigate the effect of MSCs on the formation of vascular sprouts since MSCs were added on preexisting 2D capillary-like networks. In addition, continuous lumens were not observed in such 2D capillary-like structures. On the other hand, it is possible to investigate the effect of HMSCs on the formation of vascular sprouts as well as the growth of 3D microvascular networks by changing the time point to add HMSCs to the HUVEC culture in our coculture system. In addition, the microvascular networks formed in our culture system had continuous lumens. Polarity of ECs constructing microvascular networks is also an important factor that can be considered with our 3D angiogenesis model in a microfluidic device. Establishment of EC polarity is one of the important events in the process of angiogenesis (21, 22) . The apical and basal EC surfaces have different functions, suggesting that the location of HMSCs in this study is important to control HUVEC-HMSC interactions. Since HUVECs and HMSCs can be seeded in separate or same channels of the microfluidic device, it is possible to add HMSCs to both apical and basal sides of the microvascular networks. In this study, HMSCs and HUVECs were added to separate microchannels, resulting in HMSCs approaching from the basal EC surface of the capillary networks. Further experiments are needed to clarify the effect of HMSCs approaching from the apical EC surface of the capillary networks.
HUVEC-HMSC direct contact is required for HMSCs differentiation into pericytes
In the HUVEC-HMSC coculture in a microfluidic device, α-SMA-positive cells were found in collagen gel and in the microchannel where HUVECs were seeded, while α-SMA-positive cells were not observed in the microchannel where HMSCs were seeded ( Fig. 2A) . This result suggests that the direct HUVEC-HMSC contact is required for HMSCs differentiation into pericytes. We further confirmed this observation by 2D confined HMSC-HUVEC coculture. Many α-SMA-positive cells were detected in the area where HMSCs had direct contacts with HUVECs, while few α-SMA-positive cells were detected in the area where HMSCs had no direct contacts with HUVECs (Fig. 2C) . These results are consistent with a previous study on EC-MSC coculture, where HUVECs were cultured on microcarrier beads embedded in a fibrin matrix (23) . A previous study using transwells also showed that α-SMA expression in MSCs was induced by the direct EC-MSC coculture but not by the indirect EC-MSC coculture (24) . This study also reported that
HMSCs required direct contacts with matrix produced by ECs to express α-SMA (24) .
Therefore, it is suggested that α-SMA expression in HMSCs was also induced by direct contact with matrix produced by HUVECs in our HUVEC-HMSC coculture system.
HMSCs attenuated both vascular sprout formation and capillary extension
In this study, the effect of HMSCs on 3D angiogenesis was investigated in early and later stages. First, to determine the effect of HMSCs on HUVECs in early stage of 3D angiogenesis, HUVECs and HMSCs were cocultured from the beginning, and the formation of vascular sprouts was monitored. The result revealed that HMSCs significantly inhibited the formation of vascular sprouts (Fig. 3) . Although HUVECs formed vascular sprouts from day 1 in HUVEC monoculture, no vascular sprouts were observed in coculture regardless of HUVEC:HMSC ratio. Although HMSCs started to migrate into collagen gel from day 1, the migrating HMSCs did not attach to HUVECs at day 1, suggesting that the inhibitory effect of HMSCs on the formation of vascular sprouts was due to soluble factors secreted by HMSCs.
Next, to determine the effect of HMSCs on HUVECs in later stage of 3D angiogenesis, HMSCs were added to the HUVEC culture at day 3 after HUVECs formed vascular sprouts, and the growth of microvascular networks was monitored. The results revealed that the extension of capillary structures was significantly inhibited in coculture regardless of HUVEC:HMSC ratio (Fig. 4) . In this experiment, HMSCs had no contact with HUVECs at the beginning since HUVECs and HMSCs were seeded into separate microchannels. However, HMSCs invaded collagen gel and migrated toward HUVECs, resulting in some HMSCs having contact with HUVECs. Therefore, there are two possibilities that the inhibitory effect of HMSCs on the extension of capillary structures was due to both paracrine signaling and cell-to-cell contacts.
Previous studies on 2D coculture of ECs and MSCs using transwells showed that MSCs promoted EC proliferation and the formation of microvascular networks (12, 17, 20) . MSCs aligned with ECs also stabilized newly formed 2D capillary-like structures in the EC-MSC direct coculture system (12, 13) . Therefore, we hypothesized that the formation of vascular sprouts by HUVECs was promoted by soluble factors secreted by HMSCs in the early stage of culture, while pericytes derived from HMSCs stabilized newly formed microvascular networks by cell-to-cell contacts. However, our results showed the stabilization effect of HMSCs on HUVECs both in early and later stages of 3D angiogenesis. This might be due to the difference between 2D and 3D culture conditions, different characteristics of MSCs, and different culture media. There are some studies that showed the inhibitory effect of MSCs. Recently, Menge et al. (20) showed that MSCs exerted potent inhibitory effects on the angiogenic potential of ECs through EC-MSC contact, which included decreased EC proliferation and the reduction of 2D capillary-like network formation in Matrigel. In addition, MSCs induced EC apoptosis and capillary degeneration by MSC-EC contacts depending on EC:MSC ratio (17) . Still, further investigations are needed to clarify soluble factors that MSCs secrete to inhibit capillary formation. To further verify the stabilization effect of HMSCs on HUVECs, we applied interstitial flow to the cells in HUVEC-HMSC coculture. In a recent study, it was reported that sprouting angiogenesis is promoted by basal-to-apical transendothelial flow (25) . Similarly, the formation of microvascular networks was enhanced by the basal-to-apical transendothelial flow in our HUVEC monoculture. However, extension of capillary structures enhanced under interstitial flow was completely inhibited when HMSCs were added to the HUVEC culture. Rather, extension of capillary structures was less active than that in HUVEC monoculture under static conditions (Fig. 6 ). These results indicate that the stabilization effects of HMSCs on extension of capillary structures were dominant over the promotion effects of the basal-to-apical transendothelial flow. Although HMSCs attenuated the extension of capillary structures in our HUVEC-HMSC coculture, the migration of stalk cells in the capillary structures appeared to be intact. In the present study, time-lapse images revealed the growing process of microvascular networks. Nearby capillary structures were connected to each other by the migration of HUVECs which formed capillary structures. These capillary structures finally fused to each other (Fig. 5) . These results suggest that HMSCs affected endothelial tip cells to inhibit the extension of capillary structures, while endothelial stalk cells was not affected by HMSCs, which led to the thick vascular structures over time in HUVEC-HMSC coculture.
Differentiation of HMSCs into pericytes was observed in our HUVEC-HMSC coculture regardless of the time point for HMSC addition. When HMSCs were cocultured with HUVECs from the beginning, α-SMA-positive cells located around HUVECs at day 12 (Fig. 3B) . On the other hand, when HMSCs were added to HUVEC culture at day 3, α-SMA-positive cells were not detected at day 7-4 (Figs. 4B and 6C), but detected around thick vascular structures at day 14-11 ( Fig. 5B) . These results suggest that direct HUVEC-HMSC contacts need to be retained to induce differentiation of HMSCs into pericytes. In the present study, pericytes derived from HMSCs located around vascular structures but capillary structures became thick. This indicated that these pericytes failed to fully stabilize microvascular networks. Previous studies reported that timing of EC-pericyte contact formation is important to stabilize vascular networks (1, 5) . Further improvement of our coculture conditions in the context of spatiotemporal control of EC-pericyte contacts will be needed to construct stabilized and matured microvascular networks in vitro.
Concluding remarks
In this study, we established a 3D HUVEC-HMSC coculture system utilizing a microfluidic device, which allowed us to investigate the effects of HMSCs on HUVECs both in the early and later stages of 3D angiogenesis. First, we confirmed that HMSCs differentiated into pericytes by direct contacts with HUVECs. Next, we found that HMSCs attenuated vascular sprout formation of HUVECs in the early stage of 3D angiogenesis as well as extension of microvascular networks in the later stage. These results indicate the stabilization effect of HMSCs on the formation of microvascular networks. Although some HMSCs differentiated into pericytes and located around microvascular networks in our coculture system, vascular structures became thick even after extension of capillary structures was inhibited by HMSCs. The HUVEC-HMSC coculture model described in this study is useful to further investigate culture microenvironments for constructing stabilized and matured microvascular networks with aligning pericytes.
